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ABSTRACT
Infrared-Faint Radio Sources (IFRSs) are an important class of high-redshift active
galaxy, and potentially important as a means of discovering more high-redshift radio
sources, but only 25 IFRSs had redshifts prior to this paper. Here we increase the
number of IFRSs with known spectroscopic redshifts by a factor of about 5 to 131,
with redshifts up to z = 4.387, and a median redshift of z = 2.68. The IFRS redshift
distribution overlaps with the high-z radio galaxy (HzRG) redshift distribution but
is significantly narrower, suggesting that the IFRSs are a subset of the larger class of
HzRGs. We also confirm and measure the proposed correlation between redshift and
3.6µm flux density, making it possible to use this correlation to find even higher redshift
radio sources. Many more high-redshift sources are probably present in existing radio
survey catalogues.
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1 INTRODUCTION
Infrared-faint radio sources (IFRSs) are galaxies that are
strong at radio wavelengths and weak in the infrared. Most
are at high redshift, and selecting them represents a valuable
technique for finding high-redshift radio sources. Although
this class of objects is well-studied (Norris et al. 2006; Norris
et al. 2007; Middelberg et al. 2008, 2010; Huynh et al. 2010;
Zinn et al. 2011; Norris et al. 2011b; Collier et al. 2014;
Garn & Alexander 2008; Herzog et al. 2014, 2015a,b, 2016;
Maini et al. 2016; Singh et al. 2014, 2017), their faintness
at optical/IR wavelengths means that only 25 of them have
measured spectroscopic redshifts, all but one of which are at
redshift z > 2.
Norris et al. (2006) first identified this class of source
by cross-matching observations from the Australia Telescope
Large Area survey (ATLAS) survey and the Spitzer Wide-
Area Extragalactic (SWIRE; Lonsdale et al. 2003) survey.
Out of the 2002 radio sources found by ATLAS in the Chan-
dra Deep Field South (CDFS; Rosati et al. 2002) and Eu-
ropean Large Area ISO Survey - South 1 (ELAIS-S1; Oliver
et al. 2000) fields, only 53 were IFRSs, making them rare.
Norris et al. (2011b) suggested that IFRSs were most
likely radio-loud active galactic nuclei (AGN) at high red-
shifts. They also considered the less likely possibility of
IFRSs being radio-loud AGN at a redshift of 1 < z < 3,
? E-mail:raypnorris@gmail.com
with dust extinction reducing the luminosity. Middelberg
et al. (2010) compared the ratio of the 1.4 GHz and 3.6 µm
flux densities for an IFRS sample, a High-z Radio Galaxy
(HzRG) sample and a general radio source population sam-
ple (constructed from ATLAS catalogues), demonstrating
that this ratio was common to the classes of IFRSs and
HzRGs but not to the class of general radio sources.
Norris et al. (2007) detected an IFRS using Very Long
Baseline Interferometry (VLBI), showing that the source
was probably an AGN, since a VLBI detection implies
brightness temperatures greater than 106 K, which can only
be generated by an AGN. Middelberg et al. (2008) imaged
an IFRS using VLBI, showing that the size, spectrum, ra-
dio and infrared luminosity were consistent with the proper-
ties of a high redshift compact steep-spectrum (CSS) source
and inconsistent with the properties of a low redshift galaxy
of low luminosity or a normal radio galaxy. Herzog et al.
(2015a) used VLBI observations to show that the majority
of IFRSs probably contain AGN.
While Norris et al. (2006) defined criteria for IFRSs
that depended on survey sensitivity, Zinn et al. (2011) pro-
posed generalised criteria that are survey-independent, so
that they can be applied to all astronomical surveys. The
Zinn et al. (2011) criteria are:
• A flux density ratio of S20 cm/S3.6µm > 500
• A 3.6 µm flux density of < 30 µJy
The first criterion selects sources with extreme infrared to
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radio flux density ratios, similar to HzRGs. The second cri-
terion removes radio-loud AGN with low redshifts.
Using these criteria, Collier (2016) generated a sample
of 1317 IFRSs, which included 93 compact steep-spectrum
(CSS) sources and 31 GHz peaked-spectrum (GPS) sources.
CSS are compact, powerful radio sources with a spectral
peak at ∼100 MHz, while GPS have a spectral peak at ∼1
GHz (Orienti 2015). Using a sample of 14 IFRSs from the
ELAIS-S1 and 14 from the CDFS, Herzog et al. (2016) deter-
mined that ≥ 15+8−4 per cent of their sample were CSS sources
and 3+6−1 per cent were GPS sources. Singh et al. (2017) de-
termined the radio morphologies of a sample of 11 IFRSs
from the Subaru X-ray Deep Field (SXDF) and 8 from the
Very Large Array - VIMOS VLT Deep Survey (VLA-VVDS)
field. Of the total sample of 19 IFRSs, 14 were unresolved
point sources and five featured extended double-lobed mor-
phologies, classifying them as radio galaxies.
Finding high-redshift radio sources is important both
as probes of the intergalactic medium, and as a means of
studying the sub-kpc morphology of active galactic nuclei
in the early Universe, including the possibility of detecting
binary supermassive black holes. Previous attempts to find
high-redshift radio sources have mainly used the apparent
correlation between redshift and spectral index (e.g. Miley
& De Breuck 2008). Since virtually all IFRS are at z > 2, they
are potentially an even more efficient technique for finding
high-redshift sources.
Determining the redshift of IFRSs is key to under-
standing their nature. Because of their faintness, very few
redshifts have been measured. Herzog et al. (2014) de-
termined spectroscopic redshifts for three sources of z =
1.84, 2.13 and 2.76. Of the 1317 IFRSs examined by Collier
et al. (2014) from the Wide-field Infrared Survey Explorer
(WISE; Wright et al. 2010) All-Sky data release (Cutri et al.
2012), only 19 had spectroscopic redshifts listed in SDSS
DR9. Remarkably, 18 of these had redshifts of z ≥ 2, sug-
gesting that the IFRSs with spectroscopic redshift measure-
ments are unlikely to be nearby AGN, but are more likely
to be high-redshift AGN. As the majority of WISE sources
have redshifts of z < 1, these sources were very unlikely to be
misidentifications. Herzog et al. (2015a) also determined the
photometric redshifts of 11 IFRSs observed with the Very
Long Baseline Array. Three of these had spectroscopic red-
shift measurements listed in the Sloan Digital Sky Survey
(SDSS) Data Release 10 (DR10) of z = 2.11, 2.55 and 2.62,
which had already been listed by Collier et al. (2014). Of
the 19 IFRSs identified by Singh et al. (2017), only three
had spectroscopic redshifts, which were z = 2.43, 2.47 and
3.57. Obtaining spectroscopic redshifts for a larger sample
of IFRSs is crucial to determine their true nature.
In this paper we do not distinguish between high-
redshift radio galaxies and radio-loud quasars, which dif-
fer intrinsically only by their orientation (Urry & Padovani
1995), as we are primarily concerned with the flux density at
20 cm and 3.6 µm. At mJy sensitivities, the flux of most ra-
dio galaxies is dominated by hotspot and lobe emission, and
so (with the exception of the relatively rare flat-spectrum
quasars and blazars) is independent of orientation, and so
radio galaxies and quasars with similar host properties have
similar flux densities (e.g. Urry & Padovani 1995).
The orientation dependence at 3.6 µm is less well-
defined, since this corresponds to a rest wavelength of 1.8–
0.7 µm for the redshift range z ∼ 1–4 of our sample. At these
wavelengths, the emission will contain contributions from
the accretion disc, dusty torus, and the host galaxy, with the
importance of the accretion disc, and extinction by the torus,
increasing at shorter wavelengths (Herna´n-Caballero et al.
2016), leading to some orientation dependence. However, the
optical spectra, at even shorter wavelengths, are even more
strongly affected by the orientation, making quasars more
easily observable in spectroscopy than radio galaxies. There-
fore, IFRSs with measured redshifts are much more likely to
be quasars than IFRSs without measured redshifts. As a re-
sult, the majority of IFRSs discussed in this paper, and in
papers such as Herzog et al. (2014), are quasars. However
their radio and infrared properties are similar to those of ra-
dio galaxies, which probably constitute the majority of the
IFRSs.
The goal of this paper is to obtain a larger sample of
IFRSs with spectroscopic redshifts. Section 2 of this paper
introduces our dataset. Section 3 presents our redshift dis-
tribution. Section 4 discusses the redshift distribution and
Section 5 presents our conclusions.
2 DATA
Our data were selected following a procedure similar to Col-
lier et al. (2014), using deeper photometry from WISE and
more extensive spectroscopy from SDSS.
Our IFRS sample was taken from Version 2.0 of the Uni-
fied Radio Catalog (URC; Kimball & Ivezic´ 2008; Kimball
& Ivezic 2014). This catalog contains approximately three
million radio sources, and combines the 20 cm flux density
measurements from the Faint Images of the Radio Sky at
Twenty Centimeters (FIRST; Becker et al. 1995) survey and
the NRAO-VLA Sky Survey (NVSS; Condon et al. 1998).
We obtained infrared data from the AllWISE data re-
lease (Cutri et al. 2014), which improves upon the sensitivity,
photometric and astrometric accuracy of the WISE All-Sky
data release. We converted 3.4 µm measurements from mag-
nitudes to Jansky (Jy) with a flat color correction factor,
using the conversion determined for IFRSs by Collier et al.
(2014):
S3.4µm = 306.682 × 10(−M3.4 µm/2.5)Jy (1)
We used spectroscopic redshifts from SDSS DR12
(Alam et al. 2015). DR12 contains measurements from 2008
to 2014, taken by the third generation of SDSS.
2.1 Selection Criteria
In Table 1, we present the selection criteria followed to select
our sample, and the number of sources remaining after ap-
plying each criterion, which we now explain in more detail:
0. We began with the 2,866,856 sources from the URC
v2.0.
1. We applied a NVSS flux density limit of S20 cm > 7.5
mJy. This was applied to reduce the size of the following
WISE query, since all IFRSs with S20 cm/S3.4µm > 500 will
have S20 cm > 7.5 mJy, following a 5σ detection and an r.m.s.
of σ > 3 µJy at 3.4 µm.
MNRAS 000, 1–11 (2018)
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Table 1. The selection criteria and number of sources after ap-
plying each criterion to our IFRS sample.
No. Selection Criterion Sources
0 Total Unified Radio Catalog 2,866,856
1 NVSS flux density S20 cm > 7.5 mJy 1,139,132
2 At least one FIRST counterpart 621,316
3 AllWISE match within 5′′ of FIRST 303,043
4 S20 cm/S3.4 µm > 500 64826
5 S3.4 µm SNR >= 5 63998
6 SDSS match within 1′′ of AllWISE 46490
7 SDSS source with Spectroscopic Redshift 5761
8 Remove SDSS duplicates 2798
9 Not a star 2747
10 No zWarning flag 2566
11 Positive z Error 2551
12 Good quality observation 2521
13 S3.4 µm < 30µJy 108
14 Visual Inspection of images and spectra 108
2. We removed all sources that did not have at least one
FIRST counterpart, which we used for the radio source posi-
tions, as FIRST has a higher angular resolution than NVSS.
3. We cross-matched the FIRST positions to AllWISE.
We used a search radius of 5 arcsec to ensure minimal false
matches at redshifts of z > 0.5.
4. We applied the second of Zinn et al. (2011)’s gener-
alised IFRS criteria, S20 cm/S3.4µm > 500.
5. We applied a 3.4 µm signal-to-noise ratio (SNR) limit
of ≥ 5.
6. We cross-matched our sources to SDSS DR12 using
the AllWISE positions and a search radius of 1 arcsec.
7. We selected all sources with spectroscopic redshifts.
8. We removed all duplicate sources that shared the same
SDSS optical spectroscopic object identification number.
9. We removed all sources with a spectral classification
of a STAR, ensuring all sources were extragalactic.
10. We removed all sources with redshift warning flags.
11. We removed all sources with negative redshift errors,
as for these sources, the errors could not be determined.
12. We selected all sources that had Q (observation qual-
ity) values of 3 for good, as opposed to 1 for bad or 2 for
acceptable.
13. We applied the first of Zinn et al. (2011)’s generalised
IFRS criteria, S3.4µm < 30 µJy, resulting in our IFRS sample.
14. We visually inspected an image of each IFRS, using
the AllWISE 3.4 µm and SDSS i band images and FIRST
contours, such as the one shown in Figure 1. No sources were
identified as misidentifications.
After we applied the first 12 selection criteria, our sample
consisted of 2521 radio sources with spectroscopic redshifts
from SDSS. We call this our “initial large sample”. After
applying all 14 criteria, our sample consisted of 108 IFRSs,
and we call this our “IFRS sample”. Two of these sources
already had spectroscopic redshifts listed by Collier et al.
(2014).
Table 2. The positional offsets in arcsec between our datasets
Radial Separation RA Dec
FIRST–AllWISE Median 0.87 0.58 0.47
FIRST–AllWISE Mean 1.05 0.74 0.60
AllWISE–SDSS Median 0.59 0.30 0.34
AllWISE–SDSS Mean 0.61 0.39 0.38
2.2 Positional Offsets
We show positional offsets of the sources in our IFRS sample
between FIRST and ALLWISE and between ALLWISE and
SDSS in Figure 2, and display their median and mean values
in Table 2. This shows there are no significant systematic
offsets.
2.3 Misidentification Rates
To estimate the misidentification rate, particularly due to
confusion within the AllWISE catalogue, we downloaded a
subset of the URC, AllWISE and SDSS catalogues from two
regions of sky, given the non-uniformity of these surveys.
Region one was constrained to one degree either side of a
position of (5,5) degrees (i.e. 00:16:00 ≤ RA ≤ 00:24:00, and
4 deg ≤ Dec ≤ 6 deg), while region two was constrained to
one degree either side of a position of (10,10) degrees (i.e.
00:36:00 ≤ RA ≤ 00:44:00, and 9 deg ≤ Dec ≤ 11 deg). We
shifted the positions of all of the FIRST sources by a single
random amount between either −60 to −20 arcsec or 20 to 60
arcsec. These shift sizes were chosen to be greater than the
beam sizes for the FIRST, AllWISE and SDSS surveys. We
then cross-matched FIRST to AllWISE with a search radius
of 5′′. We applied the selection criteria shown in Table 1 to
the shifted sources. For computational reasons, the criteria
were applied in a slightly different order than had been used
on the original sample. Lastly, we cross-matched AllWISE
to the SDSS spectroscopic redshift catalogue of that region,
with a search radius of 1′′. This process was repeated 1000
times, each time shifting all FIRST positions by a different
random amount.
We determined the misidentification rate by dividing
the mean number of shifted cross-matches by the number
of unshifted cross-matches. The result is shown in Table 3,
which shows that, after all criteria have been applied, essen-
tially none of the selected sources, in either the large sample
or the IFRS sample, are erroneous.
3 REDSHIFT DISTRIBUTION
3.1 The Large Sample of Radio Sources
There are three sources in our initial large sample with red-
shifts of z ≥ 5.
When we examined the SDSS spectra for them, we
found that in two cases (SDSS J105631.94-01145.1 and SDSS
J111036.32+481752.3), the redshift depended almost en-
tirely on a single line which was identified as Lyman-α,
but which had no corroborating evidence, such as a Lyman
MNRAS 000, 1–11 (2018)
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Figure 1. An example postage stamp of an IFRS, generated for visual inspection. FIRST contours are shown in blue, representing
4-1024 times the local r.m.s., increasing by multiples of 2, overlaid on the the SDSS i band image (left), and the AllWISE 3.4µm image
(right). The red cross in the right image shows the position of the SDSS fibre used to measure the redshift. Both panels are labelled
according to their unique ID from the URC.
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Figure 2. The sky separations for our 108 IFRSs with spectro-
scopic redshifts, between FIRST and AllWISE (blue circles) and
AllWISE and SDSS (red triangles). The FIRST–AllWISE search
radius of 1′′ is shown in red, and the AllWISE–SDSS search radius
of 5′′ is shown in blue.
break, and there were other strong unidentified lines, mak-
ing it resemble the spectrum of a low-redshift galaxy. We
thus chose to exclude these two sources from further consid-
eration, reducing the size of our initial large sample to 2519
Table 3. The misidentification rates for survey cross-matches
Selection Criteria Rate (%) Rate (%)
region 1 region 2
AllWISE match within 5′′ of FIRST 18.2 18.1
NVSS flux density S20 cm > 7.5 mJy 5.5 5.7
S20 cm/S3.4 µm > 500 1.6 2.2
S3.4 µm SNR >= 5 1.6 2.2
SDSS spec match within 1′′ of AllWISE 0.00 0.01
Misidentification rates calculated by randomly shifting sources in
two regions, as described in the text. The rate shown is the median
number in the shifted sample that satisfy the criteria, divided by
the number in an unshifted sample that satisfy the criteria.
sources, which we call our “large sample”. The sample of 108
IFRS is not affected by this.
The large sample of 2519 sources is available as supple-
mentary information in the online version of this paper, and
a sample of the first few rows of this Table is shown in Table
4.
In the remaining high-redshift galaxy, SDSS
J102623.62+254259.6, the identification of the puta-
tive Lyman-α line was confirmed by the presence of a strong
Lyman break. SDSS J102623.62+254259.6 is therefore a
radio-loud quasar at a redshift of 5.28, making it one of the
highest-redshift radio-loud sources known.
Two other sources (SDSS J151656.6+183021 = 3C316,
and SDSS J101115.64+010642.5 = PKS 1008+013) had
large but unreliable redshifts listed by SDSS, and modest
but reliable redshifts from other authors, and so their red-
shifts were corrected in our database.
In Figure 3 we plot the S3.4µm flux density of the 2519
MNRAS 000, 1–11 (2018)
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Table 4. The first 5 and the last 5 rows of our large sample. The
full table is available as supplementary information in the online
version of this paper.
ID RA Dec S20cm S3.4µm z δz
1 221.68050 27.95017 1113.9 303.3 0.00692 0.00007
2 229.18569 7.02204 5499.3 8635.5 0.03453 0.00001
3 117.03940 30.10852 225.5 324.7 0.04209 0.00001
4 152.00014 7.50458 6522.1 149.8 0.06813 0.00004
5 9.26650 -1.15124 4067.1 4420.7 0.07365 0.00001
2515 243.06980 47.04826 53.5 72.8 4.36238 0.00072
2516 233.89124 2.90653 59.5 25.1 4.38719 0.00129
2517 145.02005 5.44189 61.7 39.9 4.50384 0.00055
2518 210.10587 31.81968 21.9 41.7 4.69133 0.00053
2519 156.59841 25.71657 256.9 65.6 5.27746 0.00064
Column descriptions:
1: Unique ID from 1-2519
2: FIRST (Becker et al. 1995) Right Ascension (J2000) in degrees
3: FIRST (Becker et al. 1995) Declination (J2000) in degrees
4: NVSS (Condon et al. 1998) 20 cm radio flux density in mJy
5: AllWISE (Cutri et al. 2013) 3.4 µm infrared flux density in µJy
6: SDSS DR12 (Alam et al. 2015) spectroscopic redshift
7: Mean SDSS DR12 (Alam et al. 2015) spectroscopic redshift
error
galaxies in the large sample as a function of redshift. This
is discussed further in Section 4.2 below.
3.2 IFRSs
After we applied the entire 14 selection criteria, our sample
consisted of 108 IFRSs (106 of which are new) with spec-
troscopic redshifts from SDSS, listed in Table 5. We plot
their S3.4µm flux densities as a function of redshift in Fig-
ure 4. For comparison, we also show the IFRS samples from
Collier et al. (2014), Herzog et al. (2014), and Singh et al.
(2017).
There is a clear overlap between the samples, and a high
density of IFRSs up to the S3.4µm < 30 µJy cutoff. Nearly
all IFRSs in these samples lie between two sharply defined
boundaries at about z = 2.4 and z = 3.4. However, Figure 3
shows that these boundaries are caused by the intersection
of the IR-z correlation and our IR flux limit.
4 DISCUSSION
4.1 The IFRS Sample
Before the present work, only 25 IFRSs had measured spec-
troscopic redshifts (Collier et al. 2014; Herzog et al. 2014;
Singh et al. 2017), with a maximum redshift of 3.570. Our
sample gives a fivefold increase in the number of IFRS with
spectroscopic redshifts, adding 106 sources, and raises the
maximum redshift to 4.387 (ID 86 in Table 5).
4.2 Confirming the Flux Density – Redshift
Correlation
In Figure 3 we plot the S3.4µm flux density of the 2519 galax-
ies in the large sample as a function of redshift. For compar-
ison, we also show the 69 High-z Radio Galaxies (HzRGs)
from Seymour et al. (2007). It is clear from this plot that
the galaxies show the inverse correlation between 3.6 µm flux
density and redshift first noted by Norris et al. (2011b).
This correlation, which is similar to the well-known k−z
relation (Willott et al. 2003), was confirmed by Singh et al.
(2017) for all known IFRSs and the Seymour et al. (2007)
sample of HzRGs. With the much larger number of sources
now available, we confirmed and refined this correlation by
fitting a straight-line to the data in log-lin space. We used
the Levenberg-Marquardt algorithm (More´ 1978) to perform
a nonlinear least-squares fit with SciPy (Jones et al. 2001),
and obtained the relation:
S3.4µm = 10−0.33(±0.02)z+2.80(±0.02) (2)
This is shown as the black line in Figure 3.
This correlation (hereafter called the IR-z correlation)
shows that, as suggested by Norris et al. (2011b), even higher
redshift sources might be found by correlating radio surveys
with even higher sensitivity infrared surveys.
4.3 Redshift distribution
In Figure 4.3 we plot the redshift distribution of the HzRGs
from Seymour et al. (2007), the SDSS Quasar Catalog
twelfth data release (SDSS DR12Q) pipeline redshift esti-
mates Paˆris et al. (2017), our IFRSs and a random 10 per
cent of SDSS DR12 sources with spectroscopic redshifts.
The HzRGs have a median redshift of z = 2.13, and a wide
redshift distribution consistent with that noted by Seymour
et al. (2007).
The IFRSs in our sample have a narrower redshift dis-
tribution, with a median redshift of z = 2.68. As would be
expected, the majority of the SDSS sample contains lower
redshifts, with a median redshift of z = 0.32 and 87.50 per
cent of the redshifts less than 1, clearly eliminating the pos-
sibility that IFRSs are misidentifications.
Figures 3 and 4 show that the redshift distribution of
our IFRS sample is defined by the intersection of the IR-z
correlation with our IR flux density limit.
4.4 Using IFRSs to find high-z radio sources
Obtaining a census of high-redshift radio sources is impor-
tant for several reasons.
First, conventional hierarchical models of the formation
of super-massive black holes (SMBHs) are unable to pro-
duce such high-mass black holes early in the lifetime of the
Universe, driving the development of novel models for super-
massive black hole formation (e.g. Volonteri & Rees 2005).
HzRGs represent a subset of high-redshift super-massive
black holes that are relatively easy to detect in large radio
surveys, although measuring their redshifts is challenging.
Finding a significant number of HzRGs at z > 6 would ex-
acerbate the problem of the formation of SMBHs at high
redshift.
Second, high redshift radio sources are important
cosmological probes, as they provide background sources
against which HI absorption may be seen at high redshifts
(Carilli et al. 2002; Ciardi et al. 2015)
If radio galaxies continue to follow the IR-z correla-
tion shown in Figure 3 to high redshift, then in principle
MNRAS 000, 1–11 (2018)
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Figure 3. The S3.4−3.6µm flux density as a function of z, the spectroscopic redshift, for our selected radio sources, plotted as blue circles,
and the HzRGs from Seymour et al. (2007), plotted as green diamonds. The sources clearly follow an IR-z correlation which, as suggested
by Norris et al. (2011b), might yield even higher redshift sources by correlating radio surveys with higher sensitivity infrared surveys.
Our IFRS sample consists of the 108 blue circles that lie below the horizontal line marking the 30 µJy flux density limit.
HzRGs may be found by searching for radio sources with
low IR flux densities. Such sources may already exist in
current radio catalogues, and a great many more will be
available from next-generation radio surveys (Norris 2017)
such as Evolutionary Map of the Universe (EMU; Norris
et al. 2011a), MeerKAT International GHz Tiered Extra-
galactic Exploration Survey (MIGHTEE; Jarvis et al. 2017),
the VLA Sky Survey(VLASS; Murphy & Vlass Survey Sci-
ence Group 2015), and the LOFAR Two-metre Sky Survey
(LoTSS; Shimwell et al. 2017).
However, there are two potential challenges to be over-
come to achieve this.
First, the sample shown in Figure 3 is limited by the
sensitivity of the WISE survey. To detect sources at higher
z, we need more sensitive infrared data. The SERVS survey
(Mauduit et al. 2012) reaches an r.m.s. sensitivity at 3.6 µm
of about 0.2 µJy, so that 5σ SERVS detections should extend
to about z = 7. Because of strong radio source evolution (e.g.
Norris et al. 2013), such sources may still be well above the
radio detection limit.
However, the SERVS survey only covers a few tens of
square degrees, limiting the number of high-z IFRSs that
can be detected (Maini et al. 2016). No other infrared sur-
vey in the near future will provide the required sensitiv-
ity over a large area of sky, although it is possible that K-
band surveys such as the Vista Hemisphere Survey (VHS;
McMahon et al. 2013), UKIRT Infrared Deep Sky Survey
(UKIDSS; Lawrence et al. 2007) and VISTA Kilo-degree In-
frared Galaxy Survey (VIKING; Edge et al. 2013) may be
used for the same purpose together with corresponding radio
surveys.
Second, we need to measure redshifts for these sources.
Future large spectroscopic surveys such as 4MOST (Quir-
renbach & Consortium 2015), WEAVE-LOFAR (Smith et al.
2016), DESI (Levi et al. 2013), and PFS (Takada et al. 2014)
may be able to provide this data, but the faintest sources
will still be difficult to access at optical wavelengths. Po-
tential alternatives include photometric redshift techniques,
although these will be limited by the faintness of the opti-
cal/IR emission, or using blind scans for CO emission using
ALMA (e.g. Weiß et al. 2013).
5 CONCLUSION
From cross-matching FIRST, AllWISE and SDSS DR12, we
have compiled a large sample of 108 IFRSs with spectro-
scopic redshift measurements, greatly extending the previ-
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Figure 4. The S3.4−3.6µm flux density as a function of z, the spectroscopic redshift, for our sample of 108 IFRSs, plotted as blue circles,
the IFRSs from Collier et al. (2014), plotted as red squares, the IFRSs from Singh et al. (2017), plotted as orange triangles, and the
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ous sample of 25. This new sample includes the highest iden-
tified IFRS spectroscopic redshift with z = 4.387. This sam-
ple will be valuable in future multi-wavelength studies, with
high-angular-resolution radio imaging, to study the proper-
ties of IFRSs and determine what they can tell us about the
evolution of AGN.
We have also shown that IFRSs, as well as a large
sample of 2519 high-redshift radio sources with spectro-
scopic redshifts, follow a correlation of 3.4 µm flux den-
sity as a function of redshift, with the form S3.4µm =
10−0.33(±0.02)z+2.80(±0.02). By extending this correlation to
even fainter mid-infrared flux densities, this correlation ap-
pears to be a powerful tool for finding high-redshift radio
sources, rivalling the use of steep-spectral index.
Future detections of high-redshift radio sources will be
important for probing the high-redshift Universe, and to un-
derstand SMBH formation and AGN evolution. Future large
radio surveys are likely to yield many such sources, pro-
vided that we have matching deep infrared photometry and
a means of measuring redshifts.
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Table 5: Our sample of 108 IFRSs with spectroscopic redshift measure-
ments
ID SDSS ID FIRST RA FIRST Dec S20 cm S3.4µm z ±z
(J2000) (J2000) (mJy) (µJy) (10−3)
1 J004842.69+000543.7 12.17789 0.09539 30.69 29.94 2.69 0.27
2 J012753.69+002516.4 21.97376 0.42131 91.46 24.75 2.46 0.10
3 J014934.63-024305.3 27.39430 -2.71818 20.26 26.03 2.19 0.70
4 J020553.54-001338.7 31.47305 -0.22738 13.42 22.69 2.77 0.78
5 J025139.59-083432.5 42.91476 -8.57575 69.12 24.75 2.93 0.77
6 J025808.78-020912.7 44.53675 -2.15349 17.99 28.67 2.34 0.41
7 J073459.45+420425.4 113.74677 42.07347 20.66 26.74 2.26 0.55
8 J074013.97+463853.9 115.05820 46.64835 27.67 28.59 2.05 1.20
9 J074105.87+294909.7 115.27448 29.81936 33.50 25.74 2.84 0.32
10 J074950.69+191152.5 117.46117 19.19794 19.91 26.88 2.56 0.14
11 J080541.11+512707.4 121.42130 51.45205 27.72 26.15 2.59 0.54
12 J081553.19+063858.4 123.97165 6.64958 25.03 27.51 3.42 0.46
13 J081948.76+452434.1 124.95320 45.40952 34.08 25.39 2.81 0.26
14 J082617.09+362115.6 126.57134 36.35435 18.64 28.78 2.18 0.45
15 J083221.85+313518.4 128.09043 31.58768 54.53 22.57 2.80 0.80
16 J083935.95+011214.5 129.89975 1.20408 17.50 28.44 2.85 0.52
17 J083955.38+025145.4 129.98063 2.86267 78.60 26.88 3.68 0.23
18 J084423.07+523920.3 131.09626 52.65560 12.54 22.24 3.03 0.39
19 J085157.78+442107.9 132.99075 44.35220 12.87 24.93 2.99 0.30
20 J090259.94+272028.2 135.74976 27.34119 83.35 29.37 2.58 0.30
21 J093450.93+460329.0 143.71228 46.05806 13.46 23.52 2.24 0.50
22 J093536.18+291710.8 143.90071 29.28636 50.01 28.00 2.47 0.62
23 J094523.07+365555.5 146.34615 36.93206 36.54 29.13 2.43 0.42
24 J094705.51+302008.5 146.77299 30.33567 47.71 25.77 3.09 0.48
25 J095043.72+594631.2 147.68208 59.77535 11.71 19.60 3.23 0.28
26 J100653.88+595519.6 151.72447 59.92216 14.80 20.36 2.85 0.45
27 J100655.80+050324.8 151.73256 5.05686 29.57 29.42 3.08 0.71
28 J101032.23+080805.2 152.63407 8.13474 20.49 27.28 2.33 0.68
29 J102503.59+390350.1 156.26502 39.06389 26.97 24.45 2.44 0.53
30 J102823.47+500913.9 157.09777 50.15408 14.30 26.96 2.72 0.97
31 J102846.94+412656.7 157.19568 41.44908 71.99 24.36 2.82 0.54
32 J111141.06+562503.5 167.92120 56.41775 65.04 25.60 2.51 0.45
33 J111636.11+583231.0 169.15048 58.54193 19.92 27.54 2.85 0.34
34 J111658.03+520333.5 169.24183 52.05913 29.56 28.89 2.34 0.30
35 J112341.85+091328.4 170.92440 9.22458 20.08 29.75 2.25 0.37
36 J112344.71+342546.7 170.93641 34.42975 14.75 27.03 3.15 0.25
37 J112356.35+462901.2 170.98462 46.48382 31.36 26.71 2.21 0.45
38 J112549.64+482759.6 171.45682 48.46654 24.48 28.20 4.00 0.40
39 J113116.45+514634.2 172.81872 51.77623 93.67 25.74 2.94 0.37
40 J113605.23+222218.2 174.02162 22.37173 32.83 28.28 3.10 0.18
41 J113610.45+314924.9 174.04336 31.82377 15.26 29.31 2.79 0.77
42 J113902.81+231016.7 174.76174 23.17148 44.45 28.65 2.47 0.26
43 J113904.76+245712.1 174.76979 24.95311 30.08 28.20 2.26 0.36
44 J115428.30+141004.2 178.61794 14.16786 14.70 29.26 2.68 0.29
45 J115650.86+353103.5 179.21206 35.51766 197.38 29.34 3.14 0.59
46 J121129.17+243958.9 182.87153 24.66634 25.00 27.54 3.02 0.63
47 J121230.17+251321.2 183.12567 25.22255 216.33 24.41 2.87 0.81
48 J121840.03+244955.0 184.66686 24.83194 239.19 28.97 2.85 0.18
49 J122046.01+494508.4 185.19181 49.75238 14.94 24.84 2.76 2.00
50 J124541.71+255918.0 191.42293 25.98868 15.02 29.78 2.26 0.24
51 J125134.74+581257.6 192.89482 58.21599 13.79 19.24 2.93 1.07
52 J125230.57+245813.3 193.12733 24.97042 14.27 27.94 2.48 0.66
53 J125300.15+524803.3 193.25067 52.80096 58.02 20.62 4.12 0.53
54 J125656.83+385540.2 194.23691 38.92792 18.08 21.95 2.44 0.70
55 J125832.23+454305.1 194.63454 45.71699 13.56 22.95 2.42 0.90
56 J130417.79+564729.9 196.07378 56.79157 12.32 20.13 2.43 0.46
57 J130744.40+212615.5 196.93514 21.43769 98.70 24.41 2.46 0.31
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58 J132622.76+582750.1 201.59474 58.46398 44.54 21.85 2.98 0.84
59 J133202.45+211317.8 203.01015 21.22149 14.56 27.33 3.17 0.31
60 J133221.80-022449.7 203.09031 -2.41391 29.54 28.97 3.24 0.35
61 J133714.92+352958.5 204.31208 35.49965 33.72 28.73 2.71 0.43
62 J134329.90+320800.2 205.87462 32.13342 19.54 23.31 3.15 0.30
63 J134637.43+290042.4 206.65597 29.01181 36.48 27.08 2.73 0.15
64 J140828.37+060902.9 212.11765 6.15066 19.43 25.89 2.34 0.33
65 J141204.71+282237.7 213.01962 28.37714 35.16 27.66 2.50 0.17
66 J141309.25+240700.6 213.28852 24.11682 20.56 29.05 2.35 0.49
67 J141529.73-021448.2 213.87350 -2.24708 16.07 23.24 2.21 0.29
68 J141637.23+143044.2 214.15515 14.51232 134.11 21.59 2.78 1.44
69 J143130.84+233422.2 217.87853 23.57281 23.62 26.42 3.59 0.37
70 J143243.17+232009.4 218.17992 23.33607 14.66 22.30 2.89 0.67
71 J143301.51+010132.9 218.25632 1.02586 40.53 29.42 3.23 0.32
72 J143909.90+485950.6 219.79122 48.99744 10.63 20.62 2.85 0.75
73 J144514.18+414102.4 221.30921 41.68406 34.53 22.09 3.03 0.33
74 J144837.56-025036.5 222.15661 -2.84354 14.73 23.11 1.63 0.58
75 J145207.22+201100.6 223.02983 20.18425 23.25 25.70 2.44 0.73
76 J145627.56+435500.0 224.11490 43.91671 27.21 25.23 2.95 0.45
77 J145902.70+495535.6 224.76134 49.92657 24.34 29.10 2.59 1.16
78 J150048.62+452805.7 225.20276 45.46843 17.42 24.47 2.74 0.33
79 J150239.02+172145.2 225.66251 17.36262 20.85 22.97 2.92 0.69
80 J150419.14+214112.0 226.07931 21.68623 45.98 27.54 2.26 0.37
81 J151609.84+222507.7 229.04101 22.41884 20.08 21.91 2.78 0.82
82 J151851.18+334821.9 229.71331 33.80606 28.48 20.47 2.33 0.23
83 J152512.18+250653.0 231.30077 25.11470 23.15 20.75 3.03 0.43
84 J152615.08+245425.6 231.56291 24.90710 40.97 25.37 2.68 0.22
85 J152926.77+404004.7 232.36139 40.66788 55.21 17.81 3.09 0.57
86 J153533.88+025423.3 233.89124 2.90653 59.49 25.11 4.39 1.29
87 J153607.55+162800.9 234.03152 16.46713 53.59 29.40 2.86 1.21
88 J153957.12+095503.5 234.98806 9.91763 20.99 25.11 2.85 0.85
89 J154105.41+292231.0 235.27260 29.37533 19.27 25.94 2.94 0.82
90 J154314.71+325138.1 235.81155 32.86052 50.28 21.59 2.27 0.32
91 J154409.51+082425.5 236.03942 8.40675 18.41 26.08 2.33 0.24
92 J154516.07+504253.3 236.31687 50.71481 32.67 22.55 2.74 0.27
93 J155252.25+425929.6 238.21739 42.99161 16.35 16.71 2.97 0.96
94 J155539.00+233014.8 238.91215 23.50444 22.86 24.23 1.86 0.74
95 J160601.45+293150.9 241.50609 29.53085 16.88 28.02 2.18 0.20
96 J160820.89+183059.5 242.08707 18.51661 22.39 21.41 3.22 0.29
97 J160856.08+091038.5 242.23371 9.17729 23.26 21.93 3.22 0.91
98 J161330.32+404423.3 243.37627 40.73996 24.02 19.67 2.35 0.50
99 J161800.87+542645.0 244.50426 54.44600 11.85 21.51 2.96 0.67
100 J162347.43+544302.7 245.94758 54.71748 22.76 25.98 2.23 0.48
101 J163241.76+514955.3 248.17413 51.83202 15.26 17.91 2.38 0.49
102 J163355.47+254126.4 248.48117 25.69068 29.75 21.95 2.62 1.37
103 J163708.44+273143.0 249.28401 27.52820 13.55 21.59 2.49 0.49
104 J163946.92+403933.4 249.94617 40.65971 19.75 21.67 2.63 0.26
105 J164212.29+191848.0 250.55116 19.31342 12.69 21.73 2.39 0.87
106 J164524.88+224508.0 251.35370 22.75222 17.48 25.18 3.08 0.74
107 J164612.06+303202.2 251.54944 30.53358 37.63 29.97 1.80 0.71
108 J211742.96+061126.4 319.42908 6.19078 18.16 28.89 2.66 0.24
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